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We have studied the electronic characteristics of covalently functionalized
graphene by nitrophenol groups using first-principles density-functional theory
calculations. The nitrophenyl functionalization leads to a band gap opening in graphene
and transition from a semi-metallic to semiconducting state. The induced gap is shown to
be attributed to the modification of the ^-conjugation that depends on the configuration
for a pair of monovalent adsorption. A detailed analysis reveals that this intriguing
magnetism modulation by strain stems from the redistribution of spin-polarized electrons
induced by local lattice distortions. A detailed analysis suggests a sensitive and effective
way to tailor properties of graphene for future applications in nanoscale devices.
The quest for low-dimensional boron structures has been motivated by the
potential applications of light-weight materials. Recently, a semi-metallic two-
dimensional boron allotrope was predicted via ab initio evolutionary structure search,
which is markedly lower in energy than the planar structures composed of triangular
motifs and hexagonal holes. The emergence of a Dirac cone in the band structure
demonstrates an intriguing perspective for quasiplanar counterpart of graphene. We
studied the corresponding single walled boron nanotubes derived from the quasiplanar
boron structure. In particular, our results are identified to have a Dirac cone, as well. The
buckling and coupling between the two sublattices not only enhance the stability, but also
are key factors to the emergence of the Dirac cone.
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Carbon is nonmetallic, tetravalent, and has four electrons available to form
covalent chemical bonds. Carbon is the basis of all organic chemistry. Carbon-based
systems show a number of structures with a variety of interest properties, because of the
flexibility of sp2 and sp3 bondings. Many interests of physical properties are related to the
reduced dimensionality of these structures. Among systems with only carbon atoms,
graphene a two-dimensional (2D) allotrope of carbon, plays an important role as the basis
for the understanding of the sp2 electronic properties (1-4). Graphene layer is one atomic
thick and carbon atoms are packed in a regular sp2 bonded atomic scale chicken wire
(hexagonal) pattern, see Figure 1.1.
Figure 1.1. Honeycomb lattice structure of
graphene.
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A fullerene is a molecule composed of carbon in the form of a
hollow sphere, ellipsoid and many other shapes. Spherical fullerenes are also
called "buckyballs", and they are zero-dimensional objects with discrete energy states.
Fullerenes can be obtained from graphene with the introduction ofpentagons. Fullerenes
can be viewed as wrapped-up graphene. Carbon nanotubes are cylindrical structures
obtained by rolling graphene along a given direction and reconnecting the carbon bonds.
Carbon nanotubes have only hexagons and can be thought of as one-dimensional (ID)
objects (see Figure 1.2). Graphite is the most stable form of carbon under standard
conditions. Graphite, a three-dimensional (3D) allotrope of carbon, was widely known
after the invention of the pencil in 1564 (7). Graphite is made out of stacks of graphene
layers that are weakly coupled by van der Waals forces.
Figure 1.2. Perspective views of graphite (left panel), buckyball
(middle panel), and nanotube (right panel).
Figure 1.3. sp2 hybridized orbitals in
graphene layer.
For graphene, the mixing of Is and 2p atomic orbitals creates the sp2 hybridized
orbitals. The sp2 hybridization process involves the promotion of one electron in the 2s
orbital to one of the 2p atomic orbitals. The set of formed hybrid orbitals creates trigonal
structures. The angles between the hybridized sp2 orbitals are 120° (see Figure 1.3). The
sp2 hybridized orbitals are the same in size and, energy. This sp2 bond is about 1.42 A
(7).The unaffected p orbital, which is perpendicular to the planar structure, can bind
covalently with neighboring carbon atoms, leading to the formation of a n band. Since
each p orbital has one extra electron, the it band is half filled. The n electrons do not
belong to a single bond or atom, but rather to a group of atoms. The extra electron in p
orbital is responsible for the weak binding between the planes in graphene. The extra
electron in p orbital is able to move around parallel and perpendicular to the graphene
plane.
■4 -4 kx
Figure 1.4. Calculated 3D-electronic band structures
honeycomb lattice of graphene.
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Figure 1.4 shows the calculated band structure for graphene. Graphene is a
semimetal with unusual linearly dispersing electronic excitations called Dirac electrons.
Figure 1.5 illustrates the calculated valance band and conduction band of graphene. The
upper half of the energy dispersion is called n* or the conduction band. The lower half is
called n or the valence band. The two bands are degenerate at the K and K' points. The
degenerated energy value is the energy of the Fermi energy of graphene. There are two
atoms per unit cell in graphene. Since one atom contributes one n electron, there are two
% electrons per unit cell. These electrons fully occupy the lower 7i-band, leaving the 7i*
antibonding band empty. The low energy excitations of graphene are massless chiral
Dirac fermions. Dirac fermions behave in unusual ways as compared to ordinary
electrons, leading to new physical phenomena such as the anomalous integer quantum
Hall effect measured experimentally (80).
• • •
Figure 1.5. Calculated conduction bands and valance bands of
graphene in the left and right panels, respectively.
Another interesting feature of Dirac fermions is that they can be transmitted
through a classically forbidden region. The transmission phenomenon of Dirac fermions
in graphene is known as Klein paradox. In fact, Dirac fermions behave in an unusual way
in the presence of confining potentials. There has been a great deal of interest in trying to
understand how disorder affects the physics of electrons in graphene and transport
properties.
Graphene is unique in the sense that it shares properties of soft membranes, while
it behaves in a metallic way. Graphene has out-of-plane vibrational modes that cannot be
observed in 3D solids. The bending properties of graphene depend on flexural modes of
the phonon band structure. Flexural modes are attributed to the lack of long range order
in soft membranes, leading to the crumpling.
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The unusual mesoscopic effect on graphene was investigated in early studies. The
mesoscopic effect on graphene depends on the various types of edges in graphene. Zigzag
and armchair edges have drastically different electronic properties. When coupled with
conducting leads, the conductivity of graphene nanoribbons strongly depends on the edge
structure of graphene nanoribbons. Quantum interference phenomena such as weak
localization, the Aharonov-Bohm effect in graphene rings, and universal conductance
fluctuations have been observed experimentally (85). The ballistic electronic propagation
in graphene can be used to design the field effect devices such asp-n and p-n-p
junctions. The Coulomb interactions are considerably enhanced in reduced geometries,
such as graphene quantum dots, in which unusual Coulomb blockade effects and
magnetic phenomena are observed (86). There are potential applications ranging from
single molecule detection to spin injection.
Graphene can be tailored chemically and structurally in different ways due to the
unusual structural and electronic flexibility. By controlling the properties of graphene
layer, it is possible to create graphene based nonohybrids with novel magnetic and
superconducting properties. Although the study of graphene is still in its infancy, the
scientific and technological applications of graphene seem to be unlimited.




2.1 Density Functional Theory
Density functional theory (DFT) is an approach for the description of ground state
properties of metals, semiconductors, and insulators. The success of DFT not only
encompasses standard bulk materials, but also complex materials such as proteins and
carbon nanotubes. The main idea ofDFT is to describe an interacting system of fermions
via its density; not its many-body wave function. Under the one-electron approximation,
the basic variable of the electronic system depends only on the spatial coordinates x,y,
andz.
DFT has been applied to various fields such as geophysics, biomaterials, and
nanomaterials. DFT has been used to investigate electronic structures, magnetic, and
electric susceptibilities, and quantum Hall effects. Although DFT has been successful,
there are some limitations of DFT, which include the lack of description of van der Waals
interactions and band gaps being underestimated. The exchange-correlation potential is a
functional derivative ofthe exchange correlation energy with respect to the local density.
For a homogeneous electron gas, the local density approximation (LDA) only depends on
the density of the electron gas. In inhomogeneous systems, the exchange correlation
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depends not only on the local density, but also on nonlocal effects. In the LDA, the
exchange-correlation potential is a function of the local density. The LDA can be used to
predict electron densities, atomic positions, and vibration frequencies. DFT can provide
robust predictions for the electronic structure of various material systems and verify
experimental results.
The entire field of density functional theory rests on two fundamental
mathematical theorems proved by Kohn and Hohenberg and the derivation of a set of
equations by Kohn and Shami in the mid-1960s. The first theorem is that the ground-state
energy from Schrodinger's equation is a unique functional of the electron density. The
ground state energy E can be expressed as E[n(r)], where the n(r) is the electron
density. The second theorem states that the electron density that minimizes the energy of
the overall functional is the true electron density corresponding to the full solution of the
Schrodinger equation.
A useful way to write down the functional described by the Hohenberg-Kohn
theorem is in terms of the single-electron wave function, ^(r). The energy functional
can be written as,
*[W(r)}] = Eknown[VVl(r)}] + Exc[{%m (2.1)
The Eknown term includes four contributions:
^ V2%d*r + / V(r)n(r) d3r +
r' + Elon (2.2)
\r-r'\ lon '
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In equation (2.2), on the right are, in order, the electron kinetic energies, the Coulomb
interaction between the electrons and the nuclei, the Coulomb interaction between pairs
of electrons, and the Coulomb interaction between pairs of nuclei.
Where, Eye [WO")}] -exchange-correlation functional
h -Plank constant
e -charge of the electron
m -mass of the electron
The Kohn-Sham equations have the form,
[^V2 + V{r) + VH{r) + Vxc(r)] V,(r) = £|Vt(r) (2.3)
On the left hand side of the equation (2.3), there are three potentials. The first
potential V(r) is defined as the interaction between electron and the collection of atomic
nuclei. The second term VH(r) is called the Hartree potential and is defined by,
^l (2.4)





Materials Studio is a commercial modeling and simulation software designed to
allow researchers in materials science and chemistry to predict and understand the
relationship of material's atomic and molecular structure with its properties and behavior.
2.3 DMoB Module
DMol3 is a first-principles (ab initio) quantum chemistry software package that
performs accurate theoretical calculations on a wide range of compounds, including metal
clusters, biological compounds, organometallics, and organic compounds. DMoB
performs self-consistent solutions to the DFT equations expressed in a numerical atomic
orbital basis. The solutions to the Kohn-Sham equations provide the wave functions and
electron densities, which can be used to evaluate energetics, electronic, and magnetic
properties of the system. DMoB provides a reliable predictive method for theoretically
exploring the properties ofunknown compounds, as well as for explaining, on a
microscopic scale, the properties of existing compounds. The relatively low
computational requirements of the method allow the study of larger systems than would
be possible with other ab initio methods.
CHAPTER 3
ELECTRONIC PROPERTIES OF NITROPHENYL FUNCTIONALIZED GRAPHENE
3.1 Introduction
Graphene, a single layer of graphite, is emerging as an extremely versatile
material with remarkable properties and promising potential applications (2-4). The
effective application of graphene transistors, integrated circuits, and biosensors requires
improved nanoscale control of the structural and electronic properties of graphene. As
graphene hosts a plethora of phenomena associated with the Dirac-like linear dispersion,
it remains an interesting topic to investigate how the unusual single particle properties
impact the physics of adatoms on graphene. Specifically, since conductivity cannot be
turned on and off effectively, pristine graphene cannot be used as a transistor in logic
applications, where high on/off ratios are required. Field-switching capabilities depend on
the presence of a band gap in the electronic structure.
The key to graphene transistors is the control over the electronic properties as
well as developing scale-up techniques on an industrial level. While mechanical
exfoliation leads to very high sample quality, the yield of monolayer graphene is very
low. Within the realm of single-layer graphene, electron confinement such that occurring
when rolling up graphene into single walled nanotubes or cutting its edges to form
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nanoribbons is the effective way to open a gap in the band structure. In this case, the
translational symmetry is partially broken with the hybridization of two Dirac points. The
result of opening a gap is inversely proportional to the confinement length. Alternatively,
the production of epitaxial graphene by evaporation of surface layers of SiC requires
rather restrictive temperature and time conditions. Reduction of graphene oxide derived
by solution of graphite has also attracted considerable attention. A high degree of the
reduction has been reached. However, the reduction of graphene oxide, to ideally clean
graphene, is rather problematic due to a high energy of chemical binding of hydroxyl
groups with graphene.
On the other hand, a wealth of approaches has been developed for non-covalently
and covalently functionalized graphene (10,15-17). Developing chemical methods in
order to tune material properties has become one of the most critical issues in the
application of graphene technologies. Various chemical modification techniques have
been shown not only enhance its solubilities and process abilities, but also render suitable
properties for graphene based nanoelectronic and nanophotonic devices. The
modification of graphene electronic properties has been carried out by well-established
chemical functionalization techniques, in which groups such as H, OH, or F bind
covalently to carbon atoms, transforming the trigonal sp2 orbital to the tetragonal sp3 state
(31,32). Such transformations drastically modify the electronic properties.
Recent experimental studies have demonstrated an efficient method to covalently
functionalize pristine graphene with the use of nitrophenyl group (18,19). In lieu of the
13
increasing amount of experimental and theoretical studies of chemically functionalized
graphene, an improved understanding of how covalent functionalization impacts the
morphology and electronic transport in graphene is pivotal for its future application in
nanomagneto electronics/spintronics. During the past few years, extraordinary
development has been achieved for carbon-based spintronics. A series of theoretical and
experimental studies have been carried out to reveal the spin relaxation mechanisms and
spin transport properties in carbon materials, mostly for graphene and carbon nanotubes.
Recent experimental results show that the nitrophenyl functionalized graphene
has unprecedented magnetic properties even at room temperature. De Heer and co-
workers have reported a comprehensive study of low temperature magneto transport,
vibrating sample magnetometry and superconducting quantum interference measurement
before and after radical functionalization. The scanning probe microscopy techniques
were utilized to study the field dependent magneto electronic properties (24). The
experimental results of de Heer reveal that nitrophenyl functionalized graphene can act as
an organic molecular magnet with ferromagnetic and antiferromagnetic ordering that
persists at temperatures above 400 K. The nitrophenyl orientation and degree of coverage
directly affect the magnetic properties of graphene surface. The concentration of
nitrophenyl functionalized graphene was found to be approximately five carbon atoms
per nitrophenyl group. Aryl-radical functionalization of epitaxial graphene not only
changes the electronic properties but, also leads to disordered magnetism in graphene
sheet. The graphene sheet consists of a mixture of ferromagnetism (ferrimagnetism),
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super paramagnetic, and antiferromagnetic regions (24). A radical chemical
fimctionalization substantially increases the number of interacting unpaired local spins.
Additionally, negative magnetoresistance implies the presentation of ferromagnetic
coupling between neighboring atoms. Spins in relatively small 2D regions are aligned
anti-ferromagnetically.
Haddon and co-workers reported experimental results of the effect of nitrophenyl
fimctionalization on the magnetic properties of epitaxial graphene (7 7). They focused on
the chemical fimctionalization of basal-plane graphene carbon atoms in order to control
the electronic properties of epitaxial graphene (18). The transformation of the carbon
centers from sp2 to sp3 introduces a barrier to electron flow by saturating the carbon
atoms and opening a band gap that allows the generation of insulating and
semiconducting regions in graphene wafers. The experimental results suggest that
nitrophenyl fimctionalization induces magnetism in epitaxial graphene. The magnetism is
confined to disordered clusters on the surface of the epitaxial graphene with magnetic
anisotropy as a result of the distribution in the domain sizes, which gives rise to
antiferromagnetic, ferromagnetic (ferrimagnetic), and superparamagnetic regions.
The formation of a covalent a-bond to one of the basal plane graphene carbon
atoms by attachment of a radical species generates a delocalized spin in graphene n-
system. If subsequent fimctionalization takes place in the same sublattice, an open-shell
structure results. The long-range couplings for magnetic ordering of the local moments
15
are expected to take place through spin alternation due to the presence of half-filled n-
orbitals in graphene.
Nitrophenyl groups adopt random and inhomogeneous configurations on the
graphene basal plane. The bonding of nitrophenyl groups with carbon atoms leads to
slight elongation of graphene lattice spacing. Low levels of functionalization suppresse
the electric conductivity of the resulting functionalized graphene, while highly
functionalized graphene shows the opposite effect. This difference develops from the
competition between the charge transfer and the scattering enhancement. Detailed
electron transport measurements revealed that the nitrophenyl functionalization locally
breaks the symmetry of graphene lattice. Nitrophenyl functionalization of graphene leads
to an increase in the density of state near the Fermi level, thereby increasing the carrier
density. On the other hand, the bonded nitrophenyl groups act as scattering centers,
lowering the mean free path of the charge carriers and suppressing the carrier mobility.
Despite its importance, a systematic study of chemical functionalization for
graphene is still lacking. Most importantly, there remains a paucity of investigations on
how the electronic structure depends on the adsorption configuration of functional
groups, which is pivotal for practical realization of electronic structure engineering.
Another important issue concerns the electron mediated exchange interactions and the
associated nearly free-electron states (NFE). NFE states are delocalized on the surface
outside the atomic centers. When they are close to the band edge, NFE states become a
determining factor of the band gap width.
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Experimental advances have motivated our study of electronic structure
characteristics of nitrophenyl functionalized graphene. Herein, we report on
comprehensive results based on first-principles density-functional calculations.
Nitrophenyl functionalized graphene perturbs the ^-conjugation of graphene and the
corresponding electronic properties change from metallic to semiconducting. We show
that nitrophenyl functionalization leads to the band gap opening of graphene. Our work
thus asserts the unique opportunity of tailoring the band gap of graphene with varying
chemisorption composition.
3.2 Methodology
The structural and electronic properties were investigated using first-principles
density-functional calculations. Our first-principles calculations are based on density
functional theory as implemented in the DMoB package. Perdew-Burke-Ernzerhof (PBE)
parametrization ofthe generalized gradient approximation (GGA) was used in the
calculations. A supercell with a vacuum space of 26 A normal to graphene plane was
used. A kinetic energy change of 2.0x10"5 eV in the orbital basis and appropriate
Monchorst-Pack &-point grids of 4x4x1 were sufficient to converge the integration of the
charge density. The optimization of atomic positions proceeds until the change in energy
is less than 1.0x10"5 eV per cell. Although the GGA approach systematically
underestimates the band gaps, we are primarily interested in the mechanism of gap
17
opening. The GGA approach is expected to provide qualitatively accurate information
and remains the popular choice for investigations of covalent functionalizations.
In order to pursue the effect of addend concentration on the electronic structures,
we have considered two configurations by adding one or two nitrophenyl groups onto a
5x5 rhombus cell, respectively. The cell constitutes 50 carbon atoms for graphene, 6
carbon, 2 oxygen, 1 nitrogen, and 4 hydrogen atoms for each nitrophenyl molecule.
3.3 Results and Discussion
In this work, we consider six different configurations for nitrophenyl
functionalized graphene structures (see Figure 3.1). The binding energies were calculated
for the geometrically optimized structures of the nitrophenyl functionalized graphene.
Results are tabulated in Table 3.1.
Figure. 3.1. Top view of the molecular structures of
nitrophenyl functionalized graphene. Carbon, nitrogen,
oxygen, and hydrogen atoms are colored in grey (green
for graphene), light blue, red, and white respectively.
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Addition of a single nitrophenyl group or a single carbon a-radical to graphene
leads to the formation of a delocalized spin in graphene Jt-system. If the second radical
adds in a different sublattice, a spin paired antiferromagnetic structure results, whereas
addition to the same sublattice gives ferromagnetic structure. The parallel alignment of
the spins in a single sublattice favor to ferromagnetism because the spins are confined to
the same sublattice.
Table 3.1. Calculated binding energies for six different configurations of the
nitrophenyl functionalized graphene.




















The spin-polarized calculated results are lower in energy when compared with the
corresponding spin-unpolarized results. The spin-polarized structures are energetically
more favorable than spin-unpolarized structures. According to Table 3.1, F( 1,3) and
F(l,4) configurations are lower in energy among the six configurations of the nitrophenyl
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functionalized graphene. Therefore, F(l,3) and F(l,4) were selected to study the
electronic properties of nitrophenyl functionalized graphene.
We consider the simplest Kondo perturbation, where the radical is localized at a
lattice site. There is theorem for the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between these "site impurities" in bipartite lattices with hopping between
opposite AB sublattices at half filling. The sign of the RKKY interaction depends only on
whether the impurities are localized at opposite sublattices or on the same sublattices.
The sign is dictated by particle-hole symmetry and is valid on all length scales. If
nitrophenyl radicals are in AB lattice, the compound is antiferromagnetic. If nitrophenyl
radicals are in AA lattice, the compound is ferromagnetic.
Figure 3.1 illustrates the optimized conformation of nitrophenyl functionalized
graphene. The adduct increases the bond length linking to atoms on graphene. The
corresponding bond length between the C atom on graphene and the C atom of the adduct
nitrophenyl is around 1.59 A for F(l,3) configuration and the corresponding value for
F(l,4) configuration is 1.58 A. The shortest distance between the nearest nitrophenyl
neighbors on F(l,3) configuration is around 2.58 A while that in the F(l,4) configuration
is around 2.89 A. The C-C bond lengths in graphene beyond the nearest neighbors are
found to be little affected by the functionalization.
Graphene-addend interaction in the covalent functionalization has direct
consequences on the electronic properties of graphene. Previous theoretical work
investigated the addition of functional groups as free radicals to graphene {31-33). These
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functional groups drastically disrupt the geometries and electronic structures of graphene
by introducing local sp3 hybridization, which induce a sp3 type "impurity" state near the
Fermi level (14,35,36). In the cases of divalent flinctionalization, two sp3 states induced
by two neighboring functional sites are shifted away from the Fermi level due to the
rehybridization into bonding and antibonding states (36). Therefore, the local bonding




Figure 3.2. Calculated band (red color line) structures for nitrophenyl
functionalized graphene F(l,3) configuration and pristine graphene (dashed blue
line) respectively. Y = (0,0), K = (n/3a, 2n/3a), M = (0, n/2a), where a = 12.3 A for
a 5x5 rhombus unit cell. The Fermi level is shifted to 0 eV (dashed black line).
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Figure 3.2 shows the calculated band structures for nitrophenyl functionalized
graphene of F(l,3) configuration, along with the pristine graphene for comparison. One
important feature of the band structure in the F(l,3) configuration is the semimetallic
character of the system. The other characteristic is the presence of a flat band on the
Fermi level in the spin up density, corresponding to a localized state on the connected
nitrophenyl with graphene layer. The connected nitrophenyl, with graphene layer, is
responsible for the total magnetic moment of the system. The nearest flat bands to the
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Figure 3.3. Calculated band (red color line) structures for nitrophenyl
functionalized graphene F(l,4) configuration and pristine graphene (dashed blue
line), respectively. T = (0,0), K = (n/3a, 2n/3a), M = (0, n/2a), where a = 12.3 A
for a 5x5 rhombus unit cell. The Fermi level is shifted to 0 eV (dashed black line).
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Figure 3.3 illustrates the calculated electronic band structure for the F(l,4)
configuration of nitrophenyl functionalized graphene. There is a band gap opening at the
K point. The extracted gap is approximately 0.62 eV. It is readily observable that after the
covalent functionalization the n and it* linear dispersion of pristine graphene in the
proximity of the Dirac point (K) largely preserves, while a gap exists between the n and
n*states. These electronic properties of nitrophenyl functionalized graphene are in sharp
contrast to the sp3 rehybridization and loss of n electrons found upon addition of
monovalent chemical groups in other functionalization schemes.
On the other hand, the present results are clearly distinctive to those of the
noncovalent functionalization. For noncovalent functionalization, there is little
modification of band structures close to the Fermi level, and the corresponding band
structure constitutes flat and dispersed bands that can be readily classified as arising from
functional group and pristine graphene contributions. By contrast, the nitrophenyl
functionalized graphene displays profound level hybridizations. In particular, the band
gap opening at the Dirac point implies important perturbations generated by the
functionalization. All of the band gaps of the nitrophenyl functionalized graphene appear
at the Dirac point. It is worth noting that although the C atoms on graphene connecting to
nitrophenyl retain their sp2 hybridization, the sp2 hybridization angle is changed. As a
result, the electronic structure of graphene is inevitably affected by nitrophenyl
functionalization.
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Closer scrutiny of the band alignments and dispersions near the Dirac point
reveals that the gap opening is primarily attributed to the functionalization induced
modifications of the n conjugation. The disruption of the original n conjugation is
manifested in the level hybridization as seen in the band structure. Specifically, the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular level
(LUMO) of nitrophenyl lieu up with the n and n* bands of graphene. The band alignment
is such that the interaction between flat and dispersed bands leads to hybridization-
induced level avoided-crossing, which leads to the split of n and n* bands of graphene
into two hybridized bands each.
AA: Ferromagnetic AB: Anti-Ferromagnetic
Figure 3.4. Ball-and-stick presentation of
optimized structures of nitrophenyl functionalized
graphene with configuration F(l,3) and F(l,4) in
left and right panel, respectively.
Figure 3.4 shows the charge densities of the corresponding hybrized bands at the
band center (the F point). For those states, the charge density distributions display
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predominant charge confinements on nitrophenyl addends for hybridized conduction and
valence bands. This is to be contrasted to the conjugated n and n* pattern on graphene.
As can be seen in Figure 3.4, the increase of the addend concentration leads to
proportional increase of the change of the n conjugation. This correlates with the
associated increase of the band gap and thus provides support of the suggested scenario
of the functionalization induced band gap opening. Careful examination of the charge
density distributions also indicates the existence of a and a* bonds in the hybridized
states that attribute to the gap formation as well.
3.4 Conclusion
In summary, we have studied the electronic characteristics of nitrophenyl
functionalized graphene. We have shown that the nitrophenyl addition to graphene layer
preserves the sp2 hybridization network of the carbons on graphene. However, the n
conjugation of graphene near the Fermi level is greatly disturbed by functionalization,
which leads to the opening of a band gap dependent upon the addend concentration. This
contrasts with the free-radical functionalization case where a sp3-type band is induced
close to the Fermi level. Such dependence of the electronic properties on the degree of
functionalization of graphene suggests a novel and controllable method for the "band
engineering" of graphene. Our findings on the nature of nitrophenyl functionalization




The deficiency is what accounts for boron being a strong Lewis acid, in that it can
accept protons (H+ ions) in solution. As boron is an electron deficient element next to
carbon; there is a great deal of interest in the quest of quasiplanar nanostructures. The
quasiplanar boron structures have received revived attention associated with the
discovery of graphene, a monolayer of all carbon atoms. The unique Dirac cone linear
dispersion of graphene is poised to succeed silicon as next generation of electronics
transistors. However, it is known that pristine graphene is semimetallic. Therefore,
engineering a band gap in graphene has been the subject of a plethora ofrecent
experimental and theoretical investigations. Boustani indicated the small-sized boron
clusters tend to form quasi-planar structures (42, 43), which were later confirmed
experimentally for Z?{"0 - B^6 clusters (47-50). In comparison with graphene, the
hexagonal network of boron is electron deficient and is not stable against the triangular
lattice by capping the hexagon with a boron atom. The resultant triangular motif,
however, is electron abundant. To rectify the electron abundance, 10-15% hexagonal hole
concentration is important (57).
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Figure 4.1. Boron appears as common
mineral borax in the nature.
Recently, Zhou and co-workers uncovered a set of quasi-planar boron structures
via ab initio evolutionary structure search (77,78). The predicted structures are markedly
lower in energy than planar boron pseudoalloys (51). One of the lowest energy structures,
referred to as Pmmn boron, was shown to have a linear dispersion Dirac cone, mimicking
the band structure of graphene. The surface buckling is a common phenomenon for boron
nanostructures. Considering the close resemblance to graphene, we refer the Pmmn boron
structure to as borophene hereafter.
While the theoretically predicted quasi-planar structures are intriguing, the
experimental realization of quasi-planar structures is yet to come. The challenges having
the experimental works involve the lack of building blocks, the metallic behavior of the
predicted periodic structures, and the difficulty to "merge" those building blocks. Recent




Figure 4.2. Side view (left) and top view (right) of borophene structure.
Red color dash line represents the edge of the unit cell.
The borophene has eight atoms in a rectangular unit cell. In contrast to planar a-,
P- and y- boron sheets, there are no hexagonal holes in the borophene structure.
Borophene contains triangles in the form of linking filled pentagons and filled hexagons.
There are two straight lines of borophene, along with two buckled zigzag lines in a unit
cell. Boron atoms on the straight and zigzag lines have six and seven bonds, respectively.
It is worth mentioning that the other low energy conformation, borophene has two 7-
bonded and six 6-bonded atoms in the unit cell, although it is metallic.
Two pentagons dovetailed each other and two hexagons are sharing two atoms on
the edge. The bonds on the straight lines are linking the pentagons. The buckling of the
structure is characterized by the "vertical" distance between the two straight lines, which
amounts to -1.5 A. The bond length along the zigzag lines is 1.89 A. Along the straight
line, there are two distinguish bonds with lengths of 1.60 and 1.63 A, respectively. The
former is the bond linking two filled pentagons, while the latter is the one shared on two
hexagons. This is attributed to the fact that the holes act as defects, which "traps" the
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delocalized electrons. Remarkably, the 7-bonds building blocks have received a paucity
of attention in recent years. It is worth noting that all quasi-planar pseudoalloys have
bonds up to six.
Stable boron conformations can be constructed on the basis of two basic building
blocks-the pentagonal pyramid B6 and the hexagonal pyramid B7, which is referred to as
the "Aufbau principle" (61). The hexagonal B7 is the precursor for convex and
quasiplanar boron clusters and is thus closely connected to the a-boron sheet or boron
nanotubes (70,75,151). The pentagonal B6unit is typically viewed as the building block
of stable bulk boron. However, it is worth noting that the B6 pyramid manifests itself as
an aromatic component in planar boron clusters such as B19 (117). Heptagonal pyramid
Bg or the filled heptagon only exist in clusters. In practice, it is not feasible to have a
planar structure with 7-bonds atoms. Bso boron fullerene contains empty twelve
pentagons and towenty filled hexagons. By introducing B6 into the boron fullerenes, we
can reduce the energy of the fullerence.
Figure 4.3. Extracted isosurfaces of valance band
maximum (VBM) and conduction band minimum (CBM)
for the borophene in left and right panels, respectively.
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To investigate the electron distributions in borophene, we display in Figure 4.3
the extracted isosurfaces of the n and n * bands. As seen from Figure 4.3, the n electrons
are primarily confirmed along the straight line with 6-bonded atoms, while the n *
electrons are mainly located along the zigzag lines with 7-bonded atoms. The 7-bonded
atoms have more delocalized electrons. The atomic positions on the straight lines of the
borophene can be considered as the lattice A points. The atomic positions on the zigzag
lines on borophene can be considered as the lattice B. According to the charge density
distributions for the conduction band and valance band, the Dirac point has mirror
symmetry along the x and.y directions.
-4 -
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Figure 4.4. (Color line) Calculated band structure of borophene. First Brillouin
zone T = (0, 0), X = (0, n/2b), S = (-n/2a, n/2b), and Y = (-n/2a, 0), where a =
4.52 A and b = 3.26 A. The Fermi level is shifted to 0 eV (dashed red line).
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It is a standard practice in DFT to compute the exchange energy by one electron
approximation that is specified by the local electron density and its derivatives. One of
the most popular of these semilocal density approximations is the PBE model. Figure 4.4
displays the calculated band structures obtained from PBE. As seen from Figure 4.4, the
PBE results indicate a semi-metallic and linear dispersion in the band structure of
borophene.
The borophene structure is identified to have a Dirac cone (see Figure 4.4), the
first in non-graphene-like 2D materials. The buckling and coupling between the two
constituent sublattices are the key factors for the energetic stability and the emergence of
the Dirac cone. The separated n and n * confinements imply that the Dirac cone semi-
metallic behavior is incidental. Longrange exchange can potential remove this accidental
degeneracy.
CHAPTER 5
ELECTRONIC PROPERTIES OF BORON NANOTUBES
5.1 Introduction
Boron nanostructures are predicted to possess special properties superior to those
of other nanomaterials. Boron nanotubes (BNTs) have been theoretically proposed to
have metallic or semiconductors properties for armchair or zigzag ribbons. Since the
synthesis of carbon nanotubes, efforts have been devoted to the synthesis of nanoscale
tubular one dimensional structures with interest in their future application such as
nanoscale electronic and optoelectronic. BNTs have attracted considerable interest in this
regard. As compared with many non-carbon tubular materials, boron and boron based
structures possess several unique properties: low densities, high melting point over
2300°C, excellent chemical stability, high thermal conductivity and high electric
conducvity (62).
Most importantly, recent theoretical studies have shown that BNTs have tubular
layer structure in contrast to carbon nanotubes (CNTs) (45,151). Theoretical calculation
reveals that the BNTs possess metal-like density of states. The metallic behaviour may
lead to interesting electrical and optical properties. BNTs may have high conductivity
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that is independent of the chirality of the BNTs. This is in contrast to CNTs in which the
conductivity depends on chirality of CNTs.
Based on experimental and theoretical studies, scientists predicted the existence
of the single-walled BNTs. Experimentalist fabricated the BNTs in 2004 (62). Since then,
many theoretical researches have been investigating single-walled BNTs. Single-walled
BNTs are metallic. The double-walled BNTs based on buckle triangular sheet may be
more stable than their single-walled BNTs. Buckling is closely related to the formation of
interlayer bonds in double-walled BNTs (151). The study of BNTs is very important in
light of experimental verification for the existence of boron nanotubular structures.
5.2 Methodology
Like CNTs, BNTs can be viewed as rolled up borophene two-dimensional sheet.
We construct several BNTs by rolling up the 2-D borophene sheet as shown in Figure
5.1, following the same construction method for CNTs. The borophene sheet and the
constructed BNTs are both buckled. The constructed BNTs are periodic and thus, allow
one to calculate the band structures. The calculated band structures of the BNTs derived
from borophene sheet have Dirac cone at the Fermi level. To our knowledge, there is no
other BNTs reported in the literature that has Dirac cone. In addition, it may not be
impossible to construct BNTs by rolling up only two unit cells of the borophene sheet.
The BNTs with small diameters, derived from borophene, are missing the important
properties such as the Dirac cone on the Fermi level. The distribution of the atoms in
space is important for the characteristic of electronic band structure. The BNTs can be
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started to construct by rolling up three unit cells of borophene structure around the y
direction as shown in Figure 5.1. Unfortunately, the Dirac cone at the Fermi level was not
observed for the BNTs with small diameters (< 6 A). Interestingly, we can observe the
Dirac cone at the Fermi level for BNTs with large diameters. In this research, the
predicted BNT structures have buckled surfaces. Our results show that BNTs are semi
metallic with zero densities of states around their Fenni energies. The stability of the
BNTs depend on the diameter of the tube.
(b) (c)
Figure 5.1. Constructed method of quasi-planer BNTs. (a) Top view and
side view of borophene structure, respectively, (b) Intermediate step of the
rolling up process and (c) Perspective view of constructed BNT (8,0) from
borophene sheet.
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We constructed one-prototype BNTs from the borophene sheet following the
nomenclature of CNTs. The structural and electronic properties were investigated using
first-principles density-functional calculations. Our first-principles calculations are based
on DFT as implemented in the DM0I3 package. PBE parametrization ofthe GGA was
used in the calculations. A kinetic energy change of 1 .Ox 10"4 eV in the orbital basis and
appropriate Monchorst-Pack £-point grids of 4x 1 x 1 were sufficient to converge the
integration of the charge density. The optimization of atomic positions proceeds until the
change in energy is less than l.OxlO'3 eV per cell. Although the GGA approach
systematically underestimates the energy bands, we are primarily interested in the
mechanism of Dirac cone at the Fermi level. Optimization of both the cell parameters and
atomic positions were carried out by minimization of the total energy.
5.3 Results and Discussion
The important of this research work is that new kinds of BNTs were constructed
by using borophene sheet. The novel BNTs have the Dirac cone at the Fermi level.
Calculations were performed on these tubes with different diameters in the ranges
approximately 4.5-17 A, in order to explore their stabilities and electronic properties.
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Table 5.1. Computed total energy (£totai), number of atoms in the unit cell (N),
calculated binding energy (Ebinding), and the radius of the BNTs from the borophene




















































The binding energies per atom of the considered BNTs are shown in Table 5.1.
The binding energy is approaching to that of the borophene as the diameter increases.
The large diameter has relatively high stability and stability increased with the increase of
the diameter. All the calculated results indicate that the novel BNTs have metallic
properties. Some selected typical structures and their corresponding electronic band







Figure 5.2. (a) Top, (b) perspective, and (c) side views of the
geometric structure of BNT (3,0).
Figure 5.2 shows the BNT (3,0). The coordination numbers of the boron atoms on
BNT (3,0) are 6 and 7. The band structure of the BNT (3,0) is shown Figure 5.3. The
presence of significant charge density at the Fermi level indicates that the BNT (3,0) is
metallic. For the band structure of the metallic boron nanotubes, there are several bands
near the Fermi level, which ensure a large carrier density.
Figure 5.3. (Color line) Calculated band structures of
BNT (3,0). T= (0, 0), X= (0, n/a), where a = 2>2A A. The
Fermi level is shifted to 0 eV (dashed red line).
37
These BNTs structures have surfaces composed of mixtures of pentagons,
hexagons and triangles. It is important to note that these BNTs are deduced from
borophene sheet do not have any holes; the hole density is zero.
(a) (b) (c)
Figure 5.4. (a) Top view of the cross section of the BNT (4,0), (b) and (c)
perspective, and side view of the optimized geometric structure of BNT
(4,0), respectively.
Figure 5.4 shows the BNT (4,0). The coordination numbers of boron atoms on the
BNT (4,0) are 6 and 7. The wall of the BNT (4,0) has eight number of linear chain
atomic positions and eight number of zigzag chain atomic positions. There are hexagonal
rings on the BNT (4,0) wall. These hexagonal rings consist of six corner atoms and one
center atom. This may be explained by electron deficiency forcing the electrons to be
shared at the surface. The center atoms serve as a bridge for electron transfer within the
hexagonal rings. The calculated band structure for BNT (4,0) is depicted in Figure 5.5.
The band decomposed charge density of BNT (4,0) is shown in Figure 5.6.
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Figure 5.5. (Color line) Calculated band structures ofBNT (4,0). T= (0,0), X=




Figure 5.6. Extracted isosurfaces of valence band maximum (VBM) and
conduction band minimum (CBM) for the BNT (4,0) in left and right
panels, respectively. The components ofthe wave function are colored with




Figure 5.7. (a) Top view of the cross section of the BNT (5,0), (b) Perspective, and
(c) side views of the geometric structure of BNT (5,0).
r x
Figure 5.8. (Color line) Calculated band structures of BNT (5,0). T= (0, 0), X=
(0, n/a), where a = 3.24A. The Fermi level is shifted to 0 eV (dashed red line).
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Interestingly, if Dirac cone lies slightly below the Fermi level, which means
particular structure is self-doped and electrons are present as charge carriers. On the
other hand, if Dirac cone lies slightly above the Fermi level that means particular
structure is self-doped and holes are present as charge carriers.
In summary, the structural and electronic properties of novel boron nanotubes
have been investigated at the DFT-GGA level. Within the scope of this research, the
nanotubes rolled up from the borophene sheet are metallic independent of chirality. The
predicted BNTs from this research have similar electronic properties, which may make
them good candidates for fabrication.
Generally, 2D structures become more stable with increasing their thickness as
they approach the bulk state. In addition, scientists believe that the buckling is driven by
mixing of in plane sigma (a) and out ofplane pi (n) states. Further, once 2D structure
becomes buckled, the original reflection symmetry may be lost. The thickness of this
borophene structure is -2.18 A. The borophene is made of buckled triangular layers. The
structure of borophene has two kinds of B-B bonds between two sub lattices with bond
length of 1.80 A and 1.89 A, respectively. There are eight atoms in the unit cell of
borophene structure. The structure of borophene contains straight lines and zigzag lines.
There are seven bonds around the boron atoms, which are located on the zigzag line.
Each boron atoms on the straight line has six bonds around them. This borophene
structure can be constructed from hexagonal pyramidal subunits and pentagonal subunits.
The pentagonal pyramids in borophene unit cell dovetail the out of plane apices atoms,
which are located on the centers of the hexagonal pyramids each other by single bonds. In
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addition, the hexagonal pyramids in the borophene structure dovetails the apices atoms,
which are located on the centers of the pentagonal pyramids, each other by single bonds.
This borophene structure can be considered a convex structure since it has the out of
plane apices atoms. The shortest bond of the borophene structure is the bond between two
atoms, which are located on the center of the hexagonal pyramids. The shortest bond
length is 1.60 A. The bond length between the two apices atoms, which are located in the
same unit cell is 1.64 A. The all the bonds which are connected on the zigzag line have
the equal bond length and also those bonds are the longest bonds in the borophene
structure.
(a) (b)
Figure 5.9. (a) Top view of the cross section of the BNT (6,0), (b) Perspective, and
(c) side views of the geometric structure of BNT (6,0).
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Figure 5.10. (Color line) Calculated band structures of BNT (6,0). T= (0, 0),




Figure 5.11. Extracted isosurfaces of VBM and CBM for the
BNT (6,0) in left and right panels, respectively. The components




Figure 5.12. (a) Top view of the cross section of the BNT (7,0), (b)
perspective, and (c) side views of the geometric structure of BNT (7,0).
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Figure 5.13. (Color line) Calculated band structures of BNT (7,0). T= (0, 0),






Figure 5.14. (a) Top view of the cross section of the BNT (8,0), (b)
Perspective, and (c) side views of the geometric structure of BNT (8,0).
r x
Figure 5.15. (Color line) Calculated band structures of BNT (8,0). T= (0, 0),
X= (0, n/a), where a = 3.24 A. The Fermi level is shifted to 0 eV (dashed red
line).
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Take the BNT (8,0) for example, the bands are degenerate near the X point and
these bands are highly dispersive along the VX axis, imply that the effective mass of the
charge carriers should be very small, and leading to high mobility and high conductivity.





Figure 5.16. Extracted isosurfaces of VBM and CBM for the
BNT (8,0) in left and right panels, respectively. The components
of the wave function are colored with blue and yellow,
respectively.
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Figure 5.17. (a) Top view of the cross section of the BNT (9,0), (b) Perspective, and
(c) side views of the geometric structure of BNT (9,0).
r x
Figure 5.18. (Color line) Calculated band structures of BNT (9,0). T= (0, 0),





Figure 5.19. (a) Top view of the cross section of the BNT (10,0), (b) Perspective,
and (c) side views of the geometric structure of BNT (10,0).
Figure 5.20. (Color line) Calculated band structures of BNT (10,0). T= (0, 0),





Figure 5.21. Extracted isosurfaces ofVBM and CBM for the BNT (10,0)
in left and right panels, respectively. The components of the wave
function are colored with blue and yellow, respectively.
(a) (b) (c)
Figure 5.22. (a) Top view of the cross section of the BNT (12,0), (b) Perspective,






5.23. (Color line) Calculated band structures of BNT (12,0). Y= (0, 0),
n/a), where a = 3.24 A. The Fermi level is shifted to 0 eV (dashed red
VBM CBM
Figure 5.24. Extracted isosurfaces of VBM and CBM for the BNT (12,0) in left and
right panels, respectively. The components of the wave function are colored with blue
and yellow, respectively.
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To understand the physical origin of the Dirac cone of the BNTs with large
diameters, the band decomposed charge density at the Dirac point is plotted. The charge
density distribution is extracted for the out-of-plane (pz orbitals) states of two sublattices.
The hybrids of in-plane states and out-of-plane states between two sublattices are
responsible for the charge distribution ofthe lowest unoccupied molecular orbital
(LUMO) in conduction band at the Dirac point. The charge density distribution for both
the conduction and valence band at the Dirac point have mirror symmetry along the x and
y directions. The hybrids of in-plane (p* orbitals from the buckled boron chains) and out-
of-plane states (pz orbitals from the irregular boron hexagons) are a unique feature
responsible for the emergence of Dirac cone. The origin of Dirac cone of our BNTs is
different from those of CNTs.
The boron has three electrons in its outer most shell with the valence electron
configuration 2s2 2p'. Each boron atoms in this BNT structures has either six bonds or
seven bonds. Simply, boron atoms can construct the sp2 hybridize orbital by mixing the
2s, 2px and 2py orbitals. The 2pz empty orbital does not contribute to the hybridization
process. The sp2 hybridizations of the boron atoms, are mainly contribute to the stability
of the BNT structure forming hybrid bonds. Then hybridized sp2 orbitals and empty pz
orbitals are interacting in an appropriate manner with electron cloud above or below the
particular atom. This process may be the driven force to create the delocalized electron
cloud. The electron exists in a cloud. The cloud spreads over the entire atom. The
electron deficiency is forcing the electrons to be shared at the buckle surface. The apical
atoms are acting as a bridge for the electron transfer within the two sub-lattices.
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Delocalized electrons are often found in covalently bonded molecules. These
covalent bonds are responsible for great stability of the borophene structure. Because of
the delocalization, the electron density ofBNT structure spreads over a great area by
creating greater stability for the structure. There are no holes in this BNT structure
otherwise buckling reduces the electron density. In addition, spreading electrons are
creating the charge distribution. Delocalization of electrons also paves the way for the
conductivity of the structure. Boron atoms are located on the straight line with
coordination number six; they have the six neighboring atoms around them. The boron
atoms in the zigzag line with coordination number seven and they have the seven
neighboring atoms around them. It is impossible to appear the all bonds at the same time
because the electron deficiency of the boron atom. The electron density between any
neighboring atoms is higher than the over space.
The aromaticity of borophene structure is an important factor because it is not like
the traditional aromaticity, which is caused by n orbitals in the prototypical aromatic
molecules. The BNT structure has not only n aromatic, but also a aromatic. Three sp2
hybridized orbitals in each boron atom, are may be highly delocalized and look very
similar to the n molecular orbital. As described in literature, the chemical bonding
between the central atom and the pentagonal or hexagonal rings can be viewed as spokes
of the molecule wheels. The double (n and a) aromaticity is responsible for the novel
buckled BNTs.
Various monolayer crystalline structures of boron with buckled and unbuckled
surfaces, including the a-sheet, P-sheet, and y-sheet, triangular sheet, or graphene-like
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hexagonal sheet, have been predicted from ab initio computation. All of these boron
sheets can be constructed by engraving different patterns of hexagonal holes within the
triangular sheet and their hole densities can be described by a global density parameter, t\.
The parameter rj is defined as the ratio of number of hexagons holes to the number of
atomic sites in the pristine triangular sheet within unit cell of the decorated boron sheet.
In addition, a local structural parameter, that is, the coordination number of boron atoms
is used here to classify the BNTs into various types. For example, 8-type BNTs
coordination numbers are four, five, and six along with P-type has a single value of
coordination number. As a part of this research work, we constructed different BNTs
from different boron sheets to compare the binding energies as tabulated in Table 5.2.
Table 5.2. The hole density {rj) values, computed total energy (£totai), numbers ofatoms





































The 83-BNT has the smallest cohesive energy of 5.5254 eV according to the Table
5.2 , indicating that the graphene-like structure is energetically unfavorable for BNTs.
The co-BNT has the largest cohesive energy among the six BNTs. The co-BNT is a
buckled tube with zero hole density. The BNT (4,0) has the second largest cohesive
energy among them.
(i) G) (k)
Figure 5.25. (a) 83-, (e) 84-, (i) P- type boron monolayer sheets, (b) 83-, (f) 84-, (j) P*
BNTs of top view of cross section. (c,d) 83-, (g,h) 84-, (k,l) p- BNTs of side view.
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It is important to mention that we were able to find another lower energy BNT by
starting from the 5c,-boron sheet as shown in Figure 5.26. Original 56-boron sheet is
buckled monolayer structure. In this case, we did some modification for the 86-boron
sheet. As a first step, we converted 86-boron sheet in to unbuckled monolayer plane sheet.
Afterwards, moved red color atoms (see Figure 5.26) inward from the plane, resulting in
another buckled boron sheet. The novel boron sheet is designated as ©-sheet. The
coordination numbers of boron atoms are six and eight in the co-sheet. Finally, we rolled
up this buckled co-sheet and reconnected the boron atoms as depicted in Figure 5.26. The
constructed tube is named as co-BNT.
Figure 5.26. (a) Boron monolayer sheet. Red color denotes boron atoms moving inward
from the plane, (b) Top view of the cross section of co-BNT, (c) Perspective, and (d)
side views of the co-BNT.
The calculated electronic band structure of the co-BNT is shown Figure 5.27. The
Dirac cone lies slightly below the Fermi level that means particular structure is self-




Figure 5.27. (Color line) Calculated band structures of co-BNT. T= (0, 0), X=
(0, nla), where a = 3.24 A. The Fermi level is shifted to 0 eV (dashed red line).
5.4 Conclusion
We have performed a first principle based global research of lowest energy
structures of the BNTs. Within the scope of our research, all the nanotubes derived from
borophene sheet are metallic or semimetallic. Our theoretical calculations show that the
BNTs derived from borophene have a Dirac cone at the Fermi level. The quasi particle
group velocity is comparable to that in graphene, but strongly direction dependent. The
buckling and coupling between the two constituent sublattices are the key factors for the
energetic stability and the emergence of the Dirac cone.
CHAPTER 6
SUMMARY AND FUTURE WORK
In this thesis, we focused our investigations on two systems. One is the magnetic
and electronic properties of nitrophenyl functionalized graphene, and the other is boron
nanotubes.
Nitrophenyl functionalization of epitaxial graphene not only provides a route for
band gap engineering, but also leads to magnetism in the graphene sheet including
antiferromagnetic and ferromagnetic regions. The optimization of the chemical
functionalization of the epitaxial wafers may induce long-range ferromagnetic order
combined with periodic semiconductors, thereby leading to advanced spintronic devices.
Our theoretical investigations have clarified structures with ferromagnetism and
antiferromagnetism in graphene. The covalent functionalization leads to unpaired spins,
which is useful to engineering electronic and magnetic devices such as ferromagnetic
semiconductors in an organic macromolecule.
The investigation of nitrophenyl functionalization of graphene provides a proof of
concept for the graphene-based spintronics. The fundamental concept is to redirect the
electronic conjugation pathway and to form specific conducting, insulating, and magnetic
patterns. To tune the band gap, future advances in the experimental research will require




We have investigated novel BNTs structures derived from boron quasi planner
structure. Investigations of various chemical species differing from those discussed in this
thesis will be useful. Boron nanostructures can be used in applications such as specialized
electrodes in batteries or as lithium storage. There may be novel boron materials in the
form of boron sheets and boron nanotubes, which are still waiting to be experimentally
observed or synthesized.
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